Objective A fundamental but still unresolved issue regarding Huntington disease (HD) pathogenesis is whether the factors that determine age at onset are the same as those that govern disease progression. Because elucidation of this issue is crucial for the development as well as optimal timing of administration of novel disease-modifying therapies, we aimed to assess the extent of overlap between age-at-onset and disease-progression determinants in HD.
Huntington disease (HD) is an autosomal dominantly inherited neurodegenerative disorder caused by a CAG repeat expansion in the HTT gene resulting in a long polyglutamine tract in the N-terminus of the encoded protein huntingtin. 1 Involuntary choreiform movements, cognitive impairment, psychiatric and behavioral problems, as well as progressive weight loss characterize the disease. 2, 3 It is well known that the age at onset in HD is inversely associated with the size of the CAG repeat expansion in the mutant allele, accounting for between 47% and 72% of the variance in different HD populations. 4 Moreover, after controlling for mutation size, of the residual variability in age at onset, about 40% can be attributed to genes other than the HD gene, while about 60% can be ascribed to environmental factors. 5 However, a fundamental but still unresolved issue is whether the factors that determine age at onset in HD are the same as those that govern disease progression. [6] [7] [8] Elucidation of this issue is of paramount importance because it is, on the one hand, crucial for a better understanding of HD pathogenesis, and on the other hand, essential for the development as well as optimal timing of administration of novel disease-modifying therapies.
Recently, it was demonstrated that mutant HTT CAG repeat size is strongly associated with both age at onset and age at death in patients with HD, but surprisingly, not with disease duration defined as the difference between the ages at onset and death. 9 This intriguing finding suggests that either (1) near disease onset, sufficient CAG-dependent damage has accumulated to allow for CAG-independent mechanisms to drive disease progression further and eventually lead to death, or (2) the possibility that mutant huntingtin acts in a CAG-driven manner but with different time courses in various cell types, with affected cell populations responsible for disease onset and death being largely different and independent. 9 To elucidate this issue further, we hypothesized that if the factors that determine age at onset in HD would indeed be different from those that dictate disease progression, then this would indicate that the 2 determinants of age at onset, i.e., mutant HTT CAG repeat size and the part of age at onset not determined by CAG repeat size, would be expected to account for only a minor portion of the variability in disease progression. This is because HTT CAG repeat size is by far the strongest determinant of age at onset, while the part of age at onset not determined by CAG repeat size could be regarded as a proxy for all non-CAGdependent determinants of age at onset. 5 In addition, we hypothesized that if the effects of the determinants of ages at onset and death would be cell-type specific, this would be reflected in different amounts of explained variance in the rate of progression on different clinical domains since their (neuro) pathologic basis is thought to be heterogeneous.
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Methods
Patients
We used monitored data from 5,821 individuals participating in the Enroll-HD study, which also included longitudinal data from 2,488 individuals who had previously participated in the Registry study. 14, 15 Enroll-HD is a global clinical research platform designed to facilitate clinical research in HD. All sites are required to obtain and maintain local ethics committee approvals. Further details are available on the study's website: enroll-hd.org. We retrieved all data from the Enroll-HD website on February 17, 2017, and included in our analysis all participants with a known age at onset (defined as age at clinical HD diagnosis, which strongly correlated with the "rater's estimate of symptom onset" [Pearson r = 0.94, p < 0.001]), a mutant CAG repeat size of ≥36, and at least 2 follow-up measurements after disease onset. This resulted in an initial dataset consisting of 3,691 patients with HD. Next, for consistency, we applied the same set of quality-control criteria as proposed before to select a subset of the data for assessment of the association between age at onset and HTT CAG repeat size. 9 In brief, we first calculated the standard deviation of age at onset for each mutant HTT CAG repeat size, which showed considerable heteroscedasticity for the extremes of CAG repeat size (figure e-1A, links.lww.com/ WNL/A529). Applying a natural log transformation to the age at onset data yielded relative homoscedasticity in the range between 40 and 57 repeats (figure e-1B); therefore, for our analyses, we excluded repeat sizes falling outside this range to ensure that the assumptions for linear regression were not violated. 9 Subsequently, we plotted the transformed age at onset data against HTT CAG repeat size (figure e-1C) and removed outliers using the standard interquartile range approach according to which outliers are defined as data points outside of 1.5 times the interquartile range below the first or above the third quartile. 16 This approach resulted in a final dataset consisting of 3,411 individuals, which we used for our main analyses (table e-1, links.lww.com/WNL/A530).
Model development and statistical analysis
First, we assessed the association between HTT CAG repeat size and the natural logarithm of age at onset as described previously. 17 As expected, HTT CAG repeat size was strongly associated with age at onset (β = −0.066, p < 0.001), accounting for 69.3% of the total variance (figure e-2, links.lww. com/WNL/A529). Checking the regression diagnostics confirmed that the model was not unduly affected by nonnormality, heteroscedasticity, or influential points (figure e-3). Second, using this regression equation, we defined the "residual age at onset" (RAO) as the difference between the actual age at onset and the predicted age at onset based on his Glossary BMI = body mass index; CI = confidence interval; HD = Huntington disease; RAO = residual age at onset; SSRI = selective serotonin reuptake inhibitor; TFC = total functional capacity; TMS = total motor score.
or her HTT CAG repeat size, after back-transformation of the residuals into the natural scale ( figure e-4) . Third, for every measurement occasion, we defined disease duration as the difference between the participant's age at that occasion and his/her age at onset. Because disease duration was highly rightskewed (figure e-5A), we used age, which had a near-normal distribution (figure e-5B), as the time variable in our models. Including age as the time indicator also allowed for simultaneous adjustment for possible age effects on disease progression, which would not have been possible with inclusion of disease duration because of a high degree of collinearity between age and disease duration. Based on this information, we then applied a mixed-effects model to the longitudinal data to estimate the interindividual variability in the rate of disease progression in patients with HD by including both fixed and random intercepts and slopes for age as follows:
In this model, Y i ðtÞ represents the clinical score at time t for patient i, t denotes age in years, β 0 represents the mean intercept, β 1 denotes the mean rate of disease progression averaged over the entire cohort, b 0;i indicates the random intercept for patient i, while b 1;i denotes the random slope for patient i (which can be interpreted as the difference between the rate of disease progression for patient i and the average rate of disease progression), and ξ i represents a random residual error term. Therefore, the variation in the rate of disease progression can be defined as the variation in the random slope terms [i.e., Varðb 1 Þ].
For all analyses, model assumptions were verified by inspection of model fits (figure e-6, links.lww.com/WNL/ A529). All tests were 2-tailed, and statistical significance was inferred at p < 0.05. Programming was performed in R (version 3.3.2) using the "lme4" package.
Validation through simulation experiments
Because there are several alternative ways to define the proportion of explained variability (i.e., the coefficient of determination) in linear mixed-effects models, 18 we used a set of simulation experiments to validate our strategy to quantify variability in the rate of disease progression in HD for the specific distribution of HTT CAG repeat size, RAO, and age in the Enroll-HD cohort (see table e-2 for a stepwise description, links.lww.com/WNL/A530). As measures of disease progression, we used the rate of change per year in the Unified Huntington's Disease Rating Scale total functional capacity (TFC), total motor score (TMS), and a cognitive summary score. The cognitive summary score was derived by performing a principal components analysis on all Unified Huntington's Disease Rating Scale cognitive subdomains that showed clear progression during follow-up (including the symbol digit modality test, Stroop color naming, word reading and interference tests, as well as verbal fluency tests). This resulted in 5 factors, of which the first (principal component 1) accounted for 79.2% of the variation, while the other factors each accounted for 8.5% or less of the variation. Therefore, we used principal component 1 as a cognitive summary score. Our simulation studies demonstrated that, under each scenario, our strategy to determine the variation in the rate of disease progression accurately retrieved the portion of variability that was prespecified as being determined by CAG repeat size, RAO, or both within 5% precision for TFC, TMS, and the cognitive summary score, and within 11% precision for body mass index (BMI) (table e-3).
Data availability
All data used for the analyses in this report are available through Enroll-HD study's website at: enroll-hd.org/forresearchers/access-data.
Results
Rate of disease progression in relation to mutation size and RAO On average, the TFC score decreased by 0.58 points per year (95% confidence interval [CI]: −0.59 to −0.56, p < 0.001) (table 1). Patients with a higher mutant HTT CAG repeat size had a faster rate of functional decline, while those with a later age at onset than predicted based on their CAG repeat size had a slower rate of functional decline ( figure 1, A and B) . The average TMS increased with 3.70 points per year (95% CI: 3.62-3.78, p < 0.001), with larger HTT CAG repeat size related to a substantially higher rate of motor progression ( figure 1C) . Conversely, patients with a higher than expected age at onset had a slower rate of motor deterioration ( figure 1D ). The cognitive summary score, ranging from −4.79 to 6.65, declined by 0.26 points per year (95% CI: −0.27 to −0.25, p < 0.001). The effect of expanded HTT CAG repeat size and RAO on cognitive decline followed a remarkably similar pattern to those on functional and motor progression (figure 1, E and F). For the assessment of the effects of CAG repeat size and RAO on BMI, we excluded 49 patients with HD who had extremely low or high body weights (defined as BMI <16 kg/m 2 or BMI >40 kg/m 2 , respectively), because the initial inclusion of these patients resulted in large residuals and thus violation of the statistical model assumptions (data not shown). Average BMI in the resulting group declined by 0.08 units/year (95% CI: −0.10 to −0.06, p < 0.001). There was a substantial influence of HTT CAG repeat size on average body weight, with each one CAG repeat increase associated with 0.55 units lower average BMI (table 1) . CAG repeat size was also associated with weight loss, although the effect on the rate of weight decline was considerably less than the effect on average BMI with each one CAG repeat accompanied by 0.01 units/year higher rate of BMI decline (figure 1G). Conversely, RAO was not associated with average BMI and scarcely affected weight loss (figure 1H).
Quantification of variation in the rate of disease progression First, HTT CAG repeat size alone could account for about half of the variation in the rate of functional, motor, and cognitive Values represent parametric means and 95% confidence intervals of the mean, except for R 2 (last 3 columns). Because the underlying distribution of the R 2 statistic was unknown, for this statistic, we calculated bootstrapped means and 95% bias-corrected and accelerated confidence intervals based on 1,000 random resamplings with replacement of the original dataset, while taking into account the clustering of the measurements per patient. a This column contains the regression coefficients associated with age, which can be interpreted as the rate of disease progression per year in units of the outcome measure. b This column contains the regression coefficients associated with expanded HTT CAG repeat size, which can be interpreted as the average increase or decrease in the outcome measure during the follow-up period per one repeat increase. c This column contains the regression coefficients of the interaction term between expanded HTT CAG repeat size and age: A significant interaction means that CAG repeat size affects the rate of disease progression. d This column contains the regression coefficients associated with RAO, which can be interpreted as the average increase or decrease in the outcome measure during the follow-up period per 1 year onset later than expected. e This column contains the regression coefficients of the interaction term between RAO and age: A significant interaction means that RAO affects the rate of disease progression. f These columns represent the coefficients of determination (in percentages) associated with expanded HTT CAG repeat size (R 2 CAG ), RAO (R 2 RAO ), or both (R 2 CAG + RAO ) and can be interpreted as the fraction of variation in disease progression that can be attributed to HTT CAG repeat size, RAO, or both acting together, respectively. Note that R 2 CAG + RAO is higher than the sum of R 2 CAG and R 2 RAO as these latter 2 represent estimates of the unique contribution of either HTT CAG repeat size or RAO to disease progression, respectively, while the former also includes the proportion of variance explained by their covariance. g p < 0.001. h p < 0.01. Figure 1 Association between the rate of clinical progression and HTT CAG repeat size and residual age at onset To further explore and visualize the data, we first divided the patient cohort in 3 different groups based on either CAG repeat size (A, C, E, and G) or residual age at onset (B, D, F, and H). Next, for each clinical measure and each category of CAG repeat size or residual age at onset, we applied a separate linear mixedeffects model to estimate the mean trajectory of change in clinical scores in time for different categories of HTT CAG repeat size or residual age at onset. The rate of deterioration on the Unified Huntington's Disease Rating Scale total functional capacity (A) total motor score (C), a cognitive summary score (E), and body mass index (BMI) (G) increased significantly with a larger expanded HTT CAG repeat size. Conversely, the rate of functional (B), motor (D), and cognitive decline (F) was slower in those patients who had an age at onset later than that expected based on their expanded HTT CAG repeat size compared to those with an age at onset at or earlier than expected based on their expanded HTT CAG repeat size. However, residual age at onset had no influence on the rate of weight loss (H). The straight lines represent the mean predicted scores while the dashed areas around the regression lines denote the 95% confidence intervals of the mean. The 3 categories of expected age at onset, i.e., "earlier," "expected," and "later," were defined based on tertiles of residual age at onset as minimum (−16.4) to ≤−2.3, >−2.3 to ≤2.9, and >2.9 to maximum (21.8) years, respectively. deterioration in patients with HD (table 1, figure 2) . Second, the unique effect of RAO, independent of HTT CAG repeat size, on variation in the rate of functional, motor, and cognitive impairment was very modest, ranging between 2% and 6%. However, in conjunction with HTT CAG repeat size, RAO could account for a considerably higher amount of variation in disease progression, ranging from 5% to about 20%, on these clinical domains (table 1), suggesting the factors that are represented by RAO influence the rate of progression in HD largely through their interaction with HTT CAG repeat-dependent mechanisms. Third, although HTT CAG repeat size was associated with the rate of weight loss, it explained only about 3% of its variation, while RAO did not account for any variation in the rate of weight loss (figure 2). Given that certain widely used medications, including neuroleptics (especially olanzapine), tetrabenazine, and antidepressants (particularly selective serotonin reuptake inhibitors [SSRIs]), could affect motor symptoms and/or body weight, 15, 19 we also repeated the analyses while adjusting for the use of these medications. This was achieved by encoding past or current use of olanzapine, neuroleptics other than olanzapine, tetrabenazine, SSRIs, and antidepressants other than SSRIs into 5 binary variables and including them as well as their interactions with age in the models. However, our findings did not change materially after adjustment for use of these medications (data not shown).
Sensitivity analysis
In theory, exclusion of outliers could lead to selection bias. To assess this possibility, we repeated all the analyses on the complete dataset, i.e., with inclusion of all participants who had 2 or more measurements available (n = 3,691). The analyses of the complete dataset did not materially change any of the results (table e-4, links.lww.com/WNL/A530).
Discussion
The extent of overlap between the determinants of age at onset and disease progression in HD has received little study. Given the conceptual challenges posed by the absence of a well-validated method to estimate the coefficient of determination in longitudinal models, here we first validated the accuracy of an intuitive approach to quantify the degree of explained variability in the rate of progression in HD using simulation experiments. Application of this approach to data collected as part of Enroll-HD, the largest cohort of patients with HD currently available, yielded several fundamental insights into HD pathogenesis.
First, our findings demonstrate that about two-thirds of the variation in the rate of functional, motor, and cognitive impairment is dictated by the same factors that also determine age at onset in HD, with expanded HTT CAG repeat size being by far the most important determinant of the rate of clinical deterioration. This finding thus narrows the range of alternatives implied by the lack of an association between HTT CAG repeat size and disease duration 9 : Our findings indicate that CAGdependent mechanisms continue to drive pathogenesis even after disease onset. In fact, we showed that even the factors that determine RAO in HD assert their main influence on disease progression through their interplay with HTT CAG repeat size. A major clinical corollary of this result is that targeting of CAGdependent mechanisms, for example through gene-silencing approaches, 20 is also likely to affect functional, motor, and Figure 2 Variance in clinical progression explained by age at onset determinants in HD A substantial proportion of variation in clinical deterioration as assessed by the Unified Huntington's Disease Rating Scale total functional capacity, total motor score, and a cognitive summary score could be attributed to the same factors that determine age at onset in HD, with expanded HTT CAG repeat size being by far the most important determinant of disease progression as well. However, there was only a small degree of overlap between the determinants of age at onset and weight loss in HD. Bar height indicates the mean magnitude of the coefficient of determination (R 2 ) per category, while the error bars indicate the associated bootstrapped 95% bias-corrected and accelerated confidence intervals of this statistic (see text and table 1 for details). BMI = body mass index; HD = Huntington disease.
cognitive progression in those who already have manifest disease. Moreover, in consideration of future clinical trials in HD, our findings indicate that it is imperative to adjust the outcome for differences in both mutant HTT CAG repeat size and RAO between the control and treatment arms, as these are major determinants of the rate of disease progression and, consequently, controlling for them could substantially increase statistical power to detect treatment-induced effects.
Second, our study also supports the notion that the (neuro) pathologic basis of age at onset and age at death are likely to be different in HD because this is conceivably the only possibility that could reconcile our findings with those of Keum et al. 9 who found that HTT CAG repeat size is a major determinant of age at onset and age at death, but not of disease duration. Indeed, given that HTT CAG repeat size is the major determinant of age at onset, disease progression, and age at death, the only possibility that would allow for a disease duration independent of CAG repeat size 9 would be a different neuroanatomical basis for, on the one hand, age at onset and disease progression (at least on functional, motor, and cognitive domains) and, on the other hand, age at death. The fact that we found that the determinants of age at onset also largely dictate the rate of motor and cognitive progression, but not the rate of weight loss, is particularly interesting in this regard: Pathology of the basal ganglia and cerebral cortex, which largely underlie motor and cognitive impairment, is unlikely to determine age at death because if that would have been the case, disease duration, defined as the interval between the ages at onset and death, would have been shorter for patients with a larger HTT CAG repeat size given their substantially faster rate of progression in these domains. 9 However, our results demonstrate that weight loss, a cardinal feature of HD, is largely independent of the factors that determine age at onset and, therefore, its root causes might reflect pathology of other central or peripheral structures that might underlie eventual death. Indeed, weight loss in HD might reflect pathology of hypothalamic and (autonomic) brain stem structures that are crucial for systemic homeostasis, including swallowing, respiration, and cardiovascular control, paralleling findings in other polyglutamine disorders. [21] [22] [23] In this regard, it is especially interesting to note that the most frequent causes of death in patients with HD are (aspiration) pneumonia and heart disease. 24, 25 Given that the effect of expanded HTT CAG repeat size on average BMI is much larger than on the rate of weight loss, 13 the effect of CAG repeat-dependent mechanisms on body weight either commences many years before age at onset, which in practical terms mainly reflects age at motor onset, or is present from birth. Indeed, children carrying the HTT CAG repeat expansion have been found to have a lower BMI compared to mutation-negative controls. 26, 27 In any case, given the robust association between body weight and disease progression in HD, 13 it is of paramount importance to elucidate the responsible mechanisms and assess whether energy-based therapeutics, such as dietary interventions, would affect disease progression.
And finally, our findings imply that about one-third of the factors that affect the rate of functional, motor, and cognitive progression in HD are likely to be different from those that determine age at onset. It is still unknown which specific mechanisms might be involved in this respect, but it is likely that the underlying pathogenic pathways will include those that show increased activity with disease progression such as neuroinflammation. 28, 29 A limitation of our study is lack of imaging or biochemical measures of disease progression. Therefore, we were unable to identify the structures or mechanisms whose progressive pathology is most robustly influenced by the determinants of age at onset.
We demonstrated that about two-thirds of the rate of functional, motor, and cognitive progression in HD is determined by the same factors that also determine age at onset, with CAG repeat-dependent mechanisms having by far the largest effect. Conversely, the rate of weight loss is likely to be largely influenced by other factors that need further elucidation. Thus, targeting of CAG repeatdependent mechanisms, for example through gene-silencing approaches, has the potential to affect the rate of functional, motor, and cognitive impairment in manifest HD, but not the rate of weight loss.
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Overlap between age-at-onset and diseaseprogression determinants in Huntington disease 
Study question
Is disease progression in Huntington disease (HD) determined by the same factors that determine age-at-onset?
Summary answer
Approximately two-thirds of the disease progression determinants are also age-at-onset determinants.
What is known and what this paper adds
The age-at-onset determinants in HD are the size of the CAG repeat expansion in the HTT gene, environmental factors, and genes other than HTT. This study shows that these factors are also important determinants of disease progression.
Participants and setting
This study reviewed data for 3,411 patients with HD who were registered with Enroll-HD, a worldwide observational study on HD. Online data retrieval was performed on February 17, 2017. Each participant had 40-57 CAG repeats and ≥2 follow-up assessments after disease onset.
Design, size, and duration For each participant, this study calculated a residual age-atonset (RAO), which was defined as the difference between the reported age-at-onset and the expected age-at-onset given that person's number of CAG repeats. The RAO was treated as a proxy for age-at-onset determinants other than the number of CAG repeats. This study measured disease progression as annual changes in Unified HD Rating Scale metrics including the total functional capacity, the total motor score, and a cognitive summary score that was based on the Scale's cognitive subdomains.
Primary outcomes measures
The primary outcome was the extent to which various factors explained variability in disease progression rates in a linear mixed-effects model.
Main results and the role of chance CAG repeat sizes alone accounted for approximately half of the variability in disease progression rates. In conjunction with CAG repeat sizes, RAO values accounted for another 5%-20% of the variability. There was a substantial influence of HTT CAG repeat size on the average body weight, with each CAG repeat increase associated with 0.55 units lower average BMI. However, RAO was not associated with the average BMI and hardly affected weight loss.
Bias, confounding, and other reasons for caution This study lacked any imaging or biochemical markers for disease progression.
Generalizability to other populations
The study analyzed a large international patient sample, thus favoring the generalizability of the findings.
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